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INTRODUCTION

The helicopter is a complex vehicle from a noise standpoint. Significant noise pro-
ducing components in the system include the main rotor(s), tail rotor, engine(s) and
gearboxes. Differences in vehicle design philosophy cause differences in noise char-
acteristics; e. g., some vehicles use a main rotor for lift with an antitorque tail rotor,
other vehicles use fore and aft main rotors while others use meshing main rotors or
dual contra-rotating main rotors without a tail rotor. Differences in rotor design
philosophy also cause differer..es in noise characteristics since some manufacturers
may use high tip speed two-bladed main rotors while other manufacturers may use as
many as seven blades operating at lower tip speed.

Research to establish prediction techniques for all of the important helicopter noise
producing components has been under way for many years. In many areas the acoustic
theories relating the generated noise to aerodynamic and design parameters have been
fairly well developed and appear t. t adequate for current needs. However, as this
report will show, there are many areas where the noise generation mechanisms are
just now beginning to be understood and othern where much further work is required.
Also, the aerodynamic inputs required for the noise calculations are often Inadequate
for satisfactory noise estimates. It is thus apparent that the noise prediction method-
ology is inadequate due to the lack of tools required to define the unsteady aerodynamics
(i. e., fluctuating blade loads) rather than in serious limitations In the acoustic theories.
Fortunately, the helicopter as a military vehicle has benefited from noise control
studies oriented toward reducing detectability. This has resulted in a body of know-
ledge which can be evaluated in terms of annoyance when helicopters are used as
civilian transports.

The purpose of this report is to provide a current bibliography of reports describing
studies of components of helicopter noise, provide capsule reviews of the more signif-
icant reports, summarize the state-of-the-art based on the literature; and discuss
areas where further research is needed.

/
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t' i i, l 'l'wLI .' ntatti.i4 -tht.i-1i" n i i h•cli,(-it, r ni.si)' , i., reviewed1. A 'as- i-Valuatci-
~* Ic uii. l,,i-. . .ul.ti0isn.s ad ,J! t. ,a". :r,.iti,0a:i, hr,,:Iall,1 a,:, and impulsiv.-. eni r.e, ge:ar-

I. %. . and hlic .'ti .'" sa, pr',n. -Ii,,a antil's.l;,,,ll0v; hulicopter noise reductitun tech-
1'1Lq .&; 2 .111d ,llsi,,t- ctM .',., .. -v:Ilu tit in lit h-lic,- ih.. r nijs.. A bilhllography of
.,v,.*1- lOa v%.. t I- .. In 1h1.1.1 stljcc'ts is incluhal,, :ilong with capsule summarics of'impor-
L.:l1| rt-pi;t-• f1",1131 lh,. Iil, z;p

fi.l(t:l 1101iNI vi)lisli.,t ,.1t it.icro. to, Ir.,luenc't .ani'd hir,,:0.lh:ind components. Thie discrete
tv.juiu'nc\" t',np,,nt.I. ets . 1'1," f . il tro. i as r't :tijon:al noise harmonics and occur at

::.:.i l )1* 61i .I 1 ath" p,,ass:k'" '-,ut1IwV. n t'' itit.ition.iI n iti.• i4 a result of tL-, rotating

ret''ýI fie'lai t-;a~lsea hv thtc rutur hlalcl, lo:..ling, cije !o thrust. Interaction with in-
Ltst-c turbultunh., tip ' 'orties ain.• AH1? : 1 mVtriV inflow van Significantly enhance h-r-
iniiifc. vo•'itc'tl of1 ro•tati:nal noi-,-. Cy;-lic pitch and fn-ward flight can give rise to a
1Ma,lde hl:oding whit h -ai iv-; onc..e iMr revoluitin. Undler certain conditions this can give
ris,, to inipulsiv, nfc.-i:, ch.iract,.riz67A t.o hihgh!v ,,a,.'. iag "bangi•'g bounds. Broad-
b;ind randtm rois. in tht r'otor sj •€.trun, fornaerL'r i.k:dl "vortex" noise, is probably
• I.a % *.. I ntVraetiti 4s th, Ill:auh.s vith inflow turleul,:nre..

In talculatijns of rotor harmonic noise, the steady loadhi.g methods are inadequate to
e.xplain the high l ow..f mev..iurd harmonics. Unsteady loading of the blades is
rceiuired to imiprove ifhe correlation .tlwetin calcuLations and measurements at high
harn:-nic ord,-,s. In open-form :rolution,, instantaneous blade loads are computed at
many angl•ar positioms and several.radial stations (luring the rotation of the blades.
These loads art- then nuneriuallv integrated to define the noise at a given f[eld point.
rhis approach is generallv co ' tly as It requires long computation time. The computa-

tion time can ie significartly reduced by assuming an analytic form for the azimuthal-
variation of bl•de loads (flos.d-form solution) ratherthan the many descrete poin:s
r.-juir,.d for the open-f rm solution. The integration can then be done analytically.
With tt.w exceptiioni, such -is for impulsive noise, closed-form solutions give compa-
rable results to opin-forn solutions. Results using this methodology are greatly
improve-ld oetr the stvady lfading formulations. However, some deficiency In high
frel'ue'ncv noise prediction remains. This has been improved by hmodifying the un-
.Mttadv airload inputs to account for uwfttady vortex effects as measured in wind tunnel
tests.

It appears that the existing nFloi.;e Lheorie5 ar'• adequate for good prediction of heli-
copter rtational hois:. '11e limitations in the methodology appear to Heh in the tefiai-
tion of the fluctuating aerodynamic blade loading inputs to the acoustic theory. *Since
the fluctuating blade loads cannot be well predicted analytically, empirical (or at least
partly empirical) methods for estimating blade loads are required for predicting the
rotational noise of helicopter rotors.



Trhe origin of rotor broadband noise is probably the turbulence in the flow seen by the
rotor blades. Trhe prediction of rotor broadband noise based on rotor geometry amd
operating conditions using empirical procedures has proved acceptable. 'The success
of such methods is misleading in that they do not model the detailed acoustic processes,
but rely on generalization of existing test data. The recent impetus to study broadband
noise is the result of reducing helicopter data with improved equipment that shows the
higher f requency components of the spectrum to consist of peaks at blade passage
harmonics superimposed on a lower level of broadband noise.

Impulsive noise is generally considered to be a special case of rotational noise. Two
basic mechanisms are believed to he responsible for impulsive noise. Interactions
between tip vortex filaments and the rotor blades are one major cause. Compressible
aerodynamic effects are the other major cause. The major limitation in calculations
of vortex filament interaction noise is the difficulty of specifying the details of the in-
teraction of the filament with the blade. This is due to the complex trajectories of the
vortex filaments and the blades. The impulsive noise that occurs during high speed
cruise of a single rotor helicopter Is believed to be caused by the compressible drag
rise on the advancing rotor blade due to the high resultant of rotational and flight speed.
As in other rotor noise prediction areas, the specification of the aerodynamic imputs

for the calculations require further work.

Engine noise research has received recent attention because of its importance inI
turbofan engines. The noise components of engines identified in these studies are jet
noise, combustion noise, turbine noise, and compressor noise. Jet noise In helicop-
ters is not considered significant for current helicopters because of the low exhaust
velocities of helicopter engines. However, it may become a significant component In
future quiet helicopters. Combustion noise, which appears as a broadband noise
which peaks near 400 Hz, is the dominant component of engine noise. Turbine noise
appears at higher frequencies and consists of tones, pseudo tones, and broadband
noise. Compressor -noise occurs at high fr'equencies an 'd Is the lowest level component
of engine noise. Compressor noise is easily suppressed with sound absorbent duct
liners.

Two approaches to engine exhaust noise suppression can be used. The first approach
reduces source noise by changes in design or operating parameters. This appears
promising for futare engine designs, but results In increased weight and size or In-
creased fuel consumption In present engine designs. The second approach is the use
of acoustically treated ducts to attenuate generated noise. This approach invariably
adversely affects engine performance and also results in Increased weight.

Gearbox noise is not generally a problem in current helicopters. However, quieter
versions In the future will require gearbox noise suppression. Significant progress
has been made in understanding gearbox noise mechanisms over the past eight years.
This has included development of both analytical and empirical noise prediction

I
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r *;IU~t I hv !~- I;' 141inpii l ni-hofk.i are ro. hatr w -l tsyi to use. anfd ilj,,)ea r to otter
lw, n.%-! mi arxac. In hv'ilk ulpl.r ippulit-ations4. A1%Ia nkcth-Wis,.on tht. other

;11 * * 1, a . I' Pit %I1 .. 1 )1 11a t.4~ 1,41 .ied : .t, j:d .1;ni;'t inn lit u~t*e anti 'it 11 re±'-uire some-
-..z .1 LI ri%.'-ta ive lo br .-.tsoni.,lilt agrt'vii.elit wth txpi-rmrent. It appears thait the

p! ... : 11 pIII vdU rt.",: Jlit. 11C .O' to 4-t~t Zhtt- ltv- k (if .exi.sing izearl'-oxes, % bile

I ~. ~r" ~'i~ulpr. cate lurt, art- moilrv u:~d.; ful ainia.snosine flr hiui~:: prolalemsi e gear-

;rt'.-tion2f 4~ not.-.'' for rmi. et-t he.'Iiýaopt'rs h:,,. rec-entlv received sai- at~entiofl.
sIN * I 1v'4-fit ' I.) i ro(*-irs' h 1.')W av:d I~al.Ie. iajqw-'r to be *adcquale for sItudies of

- a..::::i~ .. a".t~au '. ii'- ji~ieiIri~.arv t'ehiv!c oricuend and do not appear

* A 1*.`. i.-W 4d tA\1 I,vrl4flE'nt: prograufls Ic reduce. thic flokL* of existing helicopte~rs showed
thaL i'oW**1- ntwj:-I- el van lit- :atitha.'ve, hut at thei etzjwflni of f-fre lmnce reductions

.!nSi wi'a,.ist Ro s'-' ~ tor noj*es rtaluction was atwainvd b * reduzzing itip speed, ia-
crt:t -.in*, rutur ~t livt A adtdini, bladcH, anti by limaited blade aerodynamic improve- -

w.ihjl*' v i-t *'-:.~rdutedt pz'aniarliv liv Irst~a~lationk of inlet and exhaust
n,,ui~tqr:;. Gusarls,iix ia:,.wa was reduced( priniarily by installation of en-c'1'Jsures around
ir.ht *c.tarh'Ax an([ It. :appli'ation of thirmping mAf ri~aI to *gears and shafting. These noise
Ic-*!,;' tiflinfsInuu. w..re effsd-ivt' but unight -lut Iii acc'eptable fir comimercial trans-

* W'rt" h.'Iicutii'-r I,.i'-ust of th'-ir wsji'ht and pe r."or mance penalties. Fu rther researc~h
a -, ri'juirt.-d in tht' ,iwis rediuction larva to daofint- rotor- and engine configuratioins. that
;s r* both quie't and cffivi' 'flt.

Sulbot i.(tvs: I'espoflsi to aireraft flaisL* must hi' considered from two standpoints: air-
!1i:iff nofise' ct'rtirii'ation and c'cainvnitv rewc'tion. Inthec firpt area. P. s~cale li needed
to ritva:urt' the- p.-rvis'd 1.'vel (f :an incliviidt'id aircraft flyover soitnd-- In the second
:ir,., a~ roi'llfuflit.'. .ac'cptaine.e c'afrulation jp'oe'!sure 1i6vhlch a.'curately evaltuat,?s the
1-.ra; te'rra effeets %in aircraft ricist- on cominhfuzities airound airports i's. required. For
noi -z ct'rtifi-ation, setrirats U'-fic'iercles ex.iAt in the existing ratL'ig scales because of
th~e siginiific-ant Uiffr1 tln(flC(* b'LWi ..- he'li(optvr noise and noise from otL~er'type_1v M ~r-
c i :aft. Mlss'd on ihe data f ro-ni the' literaturv, it appears that the helicopter noise
vertifica~tiosw unit will ust' Effec'tivP Perc'eivec:N!'~ Level as the- basis for develop-
mvt Reivisio'is apptlar not4ayto: 1) -,-os~e the payechoacoustic response (Noy)
vu.-vvs and. ex'te'nd thvr.n below 50 H~z, 2) us. irattgrawdc duration correction as use-1
mn FAR( Part %;' %i:thi-r than 10 !ogji 0t/174 1%;;nrc t is the time, in wsetonds, between,
10) dBJ down pointsi, 3y irectud(' the effects of impulsive notse, and 4) :-orrectly a~ccount
fL'i' th-Ve s.fi!w. Of (i:eVrtet frequency nioise be!A)w 500 Ik~. rhe data from the literature
';uppcmrt t.he use of some v'u'rs-ior. of the Lcln voahcept for community aeccotance evalua-
tion. The basIc unit for L~i calculation might be (111A c-irrcctccI fo.- pure tones and
tIhiration as described above. impulse noisc pe.tli wotaid also be included.
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HELICOPTER NOISE SOURCES

Introduction

['he principal helicopter noise sources are those associated with the main rotors or
main and tail rotors, drive engine(s), and gearbox(es). All these sources give rise
to a broadband noise spectrum extending over the entire audible spectrum and to dis-
crete fiequency noise, which may or may not be detectable to the human ear. Under
certain conditions, helicopter rotors may generate impulsive noise, aescriptively
termed "blade slap" or "banging".

Rotors produce noise due to the rotating forces on the blades and the displacement of

the air due to the blade section area. Also, at high tip speeds and/or high flight
speed, the flow over the blade section may exceed snaic velocity and a local (and thus
moving) shock is generated. Finally, fluctuating blade loads may occur due to inter-
action with atmospheric turbulence, tip vo.'tices. or the flow from another rotor.

Engines produce noise over a broad frequency range The engine inlet compressor
generally contributes to high frequencies and the engine exhaust dominate- at low
frequencies, although turbine tones may occur at high frequency.

Gearbox noise can be apparent in the noise -lguature of a helicopter due to direct
radiation from the gear casing or from reradiation of the structure coupled to the
gearbox.

Extensive literature exists on the understanding, description, and prediction of these
sources. Studies range from simple empirical equations showing the relation of a
few gross design and operating parameters to the resulting noise to extensive open
form solutions requiring detailed design information which can be applied only by
means of a high speed computer. The state-of-the-art in source noise uderstanding
and prediction has by no means progressed to the point where all aspects of the pro-
blems have becn fully developed. However, .he fundamental noise problems are
reasonably well understood and predictable in principle. Application of these theories
to the design or redc sign of helicopter components has generally resulted In noise re-
duction, although a deeper understanding In many areas, especially those related to
broadband noise, is required for substantial reductions without undue performance
and/or weight penalties.

The following discussion presents a review of the literature on the historical develop-
ment of aoise prediction methodology, summarizes thp current understanding of basic
mechanisms, and presents philosophy aid results for the reduction of heheopter noise.

7



! t I:f. (-)-' .~tainfs th~irreti frcltiuinow u1111i41)iltit.i awl thro:cliand vimiponents. The
is Clinponei uts a rt. rtis irrcd to wz notationrial nui..ie ha rn'..~nici and occur

.~:~~t j.~. Of OW W-101- lXU:4A~ge-f.iuuc l'lait: ire cvauýými- by tYhe rotatipg pres-
.,ur~ I :t.i. i atistal I-v fl-.. roltor hL~aiti ioasdi.1-. -lu' to~ thL-t thru~.-t. Also, in cases where
ar r~a~ .r tn uth ir-ig.9ted turltiu'ncs! Or !mtwvi n rotorm, isr with thIi, tip vcrtices occurs,

:I r'JMAZi~a Iluý-tuatjn.g Ipri 4urL fiClO rivSUlLS which k-'ar sii-t a tl inrea*se the har-
Is..!i v v *n. 1!nt .,f r.)t:tti.n.Il nois'.. Cvclir pitch and forwacd flight (can glyti rise to a
1jl.,s!- !..ai.1juz which v~aries omit' pc. r revcIt itai-. I :Iniot ve rtain conditi~ns le. g , if

it,'U .rwrl tnittc &,1v s such thaft the til) M'hnuin~lwr of tl.t ;auvanclong bla:de exceeds
m,oMt I. ritival %.aluo.i, flus van give r irte to lanjaulshiver..* characte.rized by higbgly

:Ln:g. i. 'l):Ingir.g* so)undsl. T'he iflwi)Oi..ve no.lse is cha~ractLerize'd by sharp' pe~aks in-
he:ia-u.- pr -sur, time :Rsv.lan-Itina. noke~ fi riam'ri-lv as called I.rortex'

rnolse, but in-.-k-.t.ig.it4ors now peeft-r *1aodih noibe, :-ircce vortex shedding itself
is not Illtevoed to be the principal nit*chanisir.

R-.:atjsinld Noisa* - 1; .)r to, !he iidr, (il t n. :thtAd was used exti-inelvely for pre-
dictin..t tht''oii fro'rn p-.pollers. fans, aiial rotcz-s. In this. th..-oryv, a distr~butlio4 of
-;our,-,-- whit L are fixv.i izL sp~ave are' *trirgvre.'u by *thMI passing~ bl:idL's. The. strength
ofi the %our, es is d.-:teinminedl tL tht rotor abr-u-t an.: toýrtue assumed V.) act at an
cff" tive radiu.-, t% piwally at 0). .1 time.is the actual radliu:.;. rhis analysis is valid for
a st-itic. propeller and :at distance' several diameters aw~ay (far-field noise). Hubbard
and Ite-g ier . ri-fineJ Oniir's fundramental equation..; without some of the simplifying
.ais.'ulfpti.2nr of the firivirial paper. This ri-moved Gutin's restriction for fLr-fi1eld
noise and aillowed c'alcul~ations of noise in the' near-field to distan~es within one blade
chord. of the tip. Also, the actual radial blade load distribution could be utilized.
G;arrick an~d Watkin's: e.xtentied GutixV % theory to th: case of a propeller with forward
,sixee.d for an observe'r moving with the san..- vcoc~ty as the scr--e (ILe., a wind tunnel
test). The results could also be applied to the case of a stationary observer. providing
that the i-orrect iOistantana'ous distances wi'ri; useud und the f-requencles corrected for
flsspph'r s~hift. Finally, Watkins andt lur!ingl (orn'Anfed these effects and Included
effectsz of a rhordwise blade loa~iing. Horwever, the.se methods, which a'll assume that
the Madire loading is constanit with time, were found to severely c-nderpredict the level.
of the haxrmonics beyond the second or third.

[hei realization that unsteady Mlade loading (i. e. ,a blade loading diatribution which
Varie-d with tirniii could co'rtribute sij.'nific.inlt v Ito the noise generated by a rotor
prompted an extm'n.-ion of 1(tuLin's approach and the development of new formulations
for 61- noise prodluced byv moving sourca's-:- and unsteady blade loading effects6- 10 .

T[he approach of Lo'.-wv ind Sutton1 0 is a similar approach to that taken by Garrick
annd Wnt~kins 3 , but extendled to tol~ude in-plane comnponer.ts of forward speed and
azimuthal asymmetry. In this aprahteoudpese is computed at any Hield

pproah th soud prssur



poin, by a numc rical integration which utilizes, among other inputs, the lift per unit

span as a fu.cti•,n c. radius and azirmuth. In this manner any radial loading function
and any peri.;" v"aveform of the blade loading at a given radial station can be Input
by jtidicious ... c•etion of radial and azimuthal steps of integration. This approach,
while havinr, tAZ'ejl'', can become expensive due to the large number of calculations
required in, 1ýe nunmerical integratior., particular!y when using small steps, as is
required for calculation of the, higher rotational noise harmonics.

Schlegel, et .116 used a similar approach. They used the blade loading harmonics
which were measured on an .rtual helicopter rotor as inputs to a modified form of
Gutin's theory. They conclude that the agreement between measured and predicted
noise, as reproduced in Figure 1, is good at low frequency, but poor at high frequency,
probably because of inadequate definition of high frequency harmonic airloads.

so
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_0 -. 2 3 4 -

ROTATIONAL NOISE HARMONIC .

FIGURE 1. COMPARISON OF MEA3URED AND CALCULATED LEVELS
WITH AND WITHOUT UNSTEADY BLADE LOADING FOR A
HOVER CONDITION

In both of these approaches, the harmonic blade loading must be input for the calcu-

lation. Such open-form calculations havetwo important limitations. First, the re-
quired airloads are extremely diffic..t to predict; and second, the computations are

extensive and often expensive to perform due to the digital computer time required.

Lowson and Ollerhead 7 overcame these difficulties by developing a simplified

rotational noise analysis which uses generalized !oading data instead of the detailed

amplitude and phase information required by previous anviyses. This simplified

closed form method was shown to perform at least rs well as the rather cumbersome,

open-form solutions in many cases, as indicated in Figure 2.

9
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FIGURE 2. COMPARISON OF STEADY LOADING, OPEN FORM, AND CLOSED
FORM THEOR;ES WIT-H MEASUREMENTS FOR A HOVER CASE

Tihvr.' are. mituatiun:i ff), which -lomehd-fortr methods are not well s4uited. B.a.alcaliyp
0.4. zet he tk a re i n~ale.Ilae gti wh.vit tari:t' :iizouu rh~angtns foceur over a smdlI portion of

Ilh, r'o1or di .r. This; Ialinfgr hch~avior protduves hig~hly directionatl harmonic nofac and
i- 1-1na. aaaon V oki,:w a*dI:.1: 1 zpulkve. aoine (.)r sbla,1:!a ship"') on mtost tarndt~rrl rutor hell-
r1)ptiers andin xvfl n;in;gie rotor II()tz.Sill(.. tI~ ti, lusvcf-forar. olutiuns i.-mnuine that
11w- ;,a rloarI I1 :arinbonvi -irc rainxuoily phamsd :and dxixt their axmplitudesn decrease expo-
nionlitlly with h~armaenit' pr'!r, the nolise hi. predicted to I~e constantE azimuthaslly during
hover and syrnm(etricat azimruthally during forward flight. Irapubsive noise Is discussed
in I later sectiun of this report.



Much recent acoustic research work has returned to experimental rather than analyt-
ical studies. letferences 11 through 1-4 are examples of noise measurement studies
intended for verification of existing noise prediction analyses as well as for studies
of noise generating mechanisms. Reference 11 essentially verified and slightly re-
fined Lowson and ()llerhead's simplifying aissumptions. Reference 12 demonstrated
the accuracy of Wright's theoretical approach using measured airload amplitude and
phase data, whereas Reference 1:' is oriented towards establishing a base for develop-
ing empirical formulae for rotational noise at a future date. Reference 14 demon-
strates good correlation on-axis with Reference 7 and provides a preliminary aero-
acoustic transfer function for rotational noise. If generalized aerodynamic inflow
data are ever developed, the transfer function approach could become a useful new
prediction tool.

Existing prediction methods for rnon-impulsi.-. r,utational noise predict some decay of
harmonic level with inc-easing order. This behak'ior is predicted by open-form,
numerical integration of dit:tributed loads methods as well as by the simplified, poiat
load methods. flowever, improvements in data an-tlysls have shown that blade passing
harmonics may extend into the mid-frequency ranpt, as shown in Figure 3 (from
Reference 7), and that levels frequently increase with harmonic order after an initial
decrease for the first few harmonics. Consequently, agreement between predicted
and measured harmonic levels deteriorates with increasing frequency.

IJJ

.. .. ... . ... . . .. .. . . . ... ... . .

o ...... .... ... ..i 7 i ; . ....... .0 . ..i ..................... ....... ..................W `-T
I.....i..' 

... ..

.J

.. .

A. 9 It 4'= Us - ,r 4B• • ,t

FREQUENCY- HZ

FIGURE 3. TWO-HZ BANDWIDTH ANALYSIS OF UH-IB NOISE SPECTRUM

Some preliminary studies by Sikorsky Aircraft15 have shown significant correlation
improvement by adding vortex-induced unsteady airloads to the airloads defined by
Lowson's "loading law" decay approximation. The unsteady vortex effects are based
on wind tunnel data measured with hot wire anemometers. Figure 4 illustrates that
the unsteady vortex effects enable a closed-form analysis to predict tLh basic noise

11
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JBroadN.and Noise -opinions regarding the origins and behavior of broadband noise
var ' sjmnewh:it among investigators, but there is general agreement that turbulence
in the flow seen by rotor blades is the basic phkysical mechanism responsible for
broadbaind noise. Turbulence in the boundary layer also causes noise, but at a negli-
giblV small amplitude compared to blade interaction with incoming turbulence. The
frequency distribution of the broadband noise is determined by the, velocity of the blade
and by th sescloftetrune 1 4 . Principal areas of uncertainty concern the

efft'ets of velocity on the intensity and frequency distribution of broadband noise. Re-
cent experimental work by Leverton and Pollard 1 6 fails to show the accepted Strouhal
frequency scaling with velocity for full scale rotors. Ffowcs-Williams and Hawkings17

make a convincing, case for broadband noise varying with velocity as V8 at tip Mach
numbers above 0. 5, instead of the V6 dependence in common use as reported by
Widnalllh'.

Much of the recent impetus to study broadband noise comes from improved d ata ;.ro-
cessing techniques and equipment. Narrow band analyses of rotor noise have shown
discrete frequency components extending well beyond 150 Hz, which historically was
believed to be the transit'on region between rotation.* I noise and broadband noise for
typical helicopter rotors. This means that significant rotational noise contributions
are included in the observed noise behavior and in the broadband noise prediction
methods that have been developed from experimental observations such as the well
known Widnallib correlation of Figure 5. Work by Lowson~et a114 , and by Leverton

40 TI)Wfq 'r',ý !ft/sec) ELtICOPYERS -
SC0 ' t4 Huhti"rd and 269I43

V $91 0300 U: :al
T 650 U 450 um.) TR-62-73
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* 805 91CC
Stuckey ar1, Goddart

3C
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FIGURE 5. WHIRL TOWER AND HELICOPTER VORTEX NOISE.
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I I.1 I- I!%!.~ I hat It.1 IjW I I-tLIUent-~v biroadbajnd tw.ise v'juit I Le dlWe ret~n in

I t. :arn.orv., the- ip.:I Iiint :i.2 IVI-IflItII .111 j31. i
1 L. tAe( hroai(dIand It i?1i and i~pectrum,

it.ivn -i-Ai -;n 'ito l*n t trx iii u;p'raing 't,. ond itiwzs isi misikeudiIM. Th.±se pre-
t :~ I~ ! : v' a~'a ,a~~aI*I' ~~t:~.te:~ ~t t:iav,- 1):,nif or pos.sibly 1/31 octave

1 .- is~ for~ Vt I' :, -.1 1*. to I,,, but h, -wt int-thuds alo not ra':i II- trot Iv the detailed
a. I'L. pr .'v- tl it von! uIbuta to Ola total i j~iaI . Conwq"uentlv, it is hot pre-

.4:~tipri'a. auil. a Iai-.tjl,.o nai ro-w I~andI e:tiniAe of rotor noise based on
.;L.-': ~iitti1t ~trI( *,i afrr -(I n1.azx1iu preap. qrtiev of ;I ri*lti ;;..stem. Extensive experi-
.1 HI :;aI' tzaIwork. it ill flt vds to bc 'lont' to isolate!L the specific mechAnIsms

* ~i~~ Ijo~iI':1i IroAua' niis~.t' aez.. to rteuIj.vti set-ul i v h ii on models.

I I..p '' ir.~i.svu:- -pan1 infi'j:tt.'s thait 'h't:ailtd pretictirion nm'.thods are not available
1.uw'ýof, v*t il1. I, tuiwff un(cour-ifi:&g eurredmtiot.9 using measured inflow

:.I~t..,n,.t inl avus eq iiu~atjions. ft predict~ broadbandn fan~ noist' at low speeds, but
to;; I,;i n%)t :I v.,-tho~t suittable for ht-Iiioptiri !JrLedi( lions. M'Jthrd,!ý in genera!, have
I'vlit-d imon '*t;'v ia hnroI i'ie da~ta from full 41, ale rooors to ektvelop empirical methods.
In thta::e such :as the* 'Sh-lilgul" iquations for broadband noise6 gross geometry
Indt .pcralinig condition ifil.ailt ch-ird, bl~ade x!eu, tip) speeud. and rotor thrust) are tVa

* :'a.,ic pair:irter'vr-. *hVh form of these eqjuations wasi rnJified somewhat by MunchJL9

r*, .ul~tain the:fo.. f'ritIAlow.

1') ~ LO [13 Ic* lt A ( IAG J-) I", (CO5 2 0 00.1) 'Sje19. 4 (1

f., I- ii .vt - 211) l.(X; (T) (2)

:~ ri-an~ezIi'~tis vasa'.r to use ý.inet it wwi,i thc basic pa'rameters of Uip speed,Vt
hr I, aiistanev, r', blade arva, 11, blaile r~diiUS, It, blade %thord, c, elevation"1F4', 1.aril ýpvtrufii .;haipe' (orri'r-(itinf, Sj. Values -if Sj for thie j th frequency band
I hy Munach arv shown in Vigrure! 6i. The' Iit n, fg. Ns the. center frequency in Itz~

I-, a v. %kth Pi-,rure' 1). This flit~thlol p~rovides i~stima~tes of oc tave band levels In fairly
.,0'u.i :agnreH'nuant with aacvtwo. hbani tvi'.t data,. but -,univ rotation~al it Is crintributions -ire
invitili'4I in !!)is br',:idI,:iiul nois.e" as dsuw- previou!:ly.
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Empirical broadband noise rilethods tend to be most accurate for a moderate thrust
condition which typically is near the design point for a given rotor. Predicted over-
all broadband levels normally fall within i 3 dB of measured levels. Accuracy de-
creases rapidly, however, at low thrust and at high thrust. Problems are compounded
by blade twist, which leads to recirculation through stationary rotors (i. e., when the
blade wakes are reingested by the rotor) with attendant noise increases during opera-
tion at low blade pitch. At high thrust, blade stall and complex unsteady aerodynamic
events in the tip region of the blades contribute to rapid Increases in noise. Figure
5 illustrates the noise behavior discussed above.

Impulsive Noise - Impulsive rotor noise generally is considered to be a form of
rotational noise. Narrow band analysis reveals many harmonics of noise that decay
slowly with harmonic order, while oscillograms of the acoustic pressure characterize
the noise as an Impulse that occurs at the blade passage frequency of the rotor. Hell-
copters with tandem, overlapping rotors are prone to generate impulsive noise, but
helicopters with 3ingle lifting rotors also can generate it.

Two basic mechanisms are believed to be responsible for Impulsive rotor noise. In-

teractions between tip vortex filaments and rotor blades are one major cause. Com-
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iLrthtlr roweifpliu:Ltiin :to if.,- :a'istiv prteditction probIlemI is the sptrating point of the

.4 ill az.! it-:z :eer-a'!% ai.anaic rev.Ibon:-.e -hi r~aetuiistivs. a s pointed *eut in R;ferenve 11.

I I~~~ i n- lsit- I ron'. tanfl'!in roluar hehelispter, involve.s. main'1 fat tars. TypicallY, a

~'pn,~ ;h.d thn o ~ hn ehi-(.iLle Abjow some dc-grev of overlapping of the rotor discs.

Thilnsa. 4e~trLdJ .nust s milpulkive nlaaske from iwt, inr-thanisms. The. inaor one JLi blade-
A urzt'x ini-rarntiun, '.Oiarv tht* tip vortives from uric r'.tor pags through the other rotor.
TUhe intier:&cttuai te.af oc-cur onl aithur the forward rotor or the aft rotor, depending on
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a hte :Ajilitv to pditnoike from tanahnim rotor helicopters with overlap Is not. we 1l
(~~~lI :t.a in * pan Iiii r:,turv, alt hough praapriet a ry imethodiology may exist in some

viinilri~nhis. II principle, if data :ar(n avaihlable fro~m te.4t or annilysis to relate vortex
I nI r~it lah rt-ligth and ilt)wflwasl vI eiLt to a 4*oifigrur ation, analytical miodels ejxist

to #,'5tijfadt( than noise vavi'f',rin eauwscd by ptilsative changres in airloading on the rotor
slarlesi(.

fimrpulsive nokva th~at occurs during, high speed cru ,Ise of single rotor helicopters is
lielieved to Ihv vauseil by c.ompressible drag rise on the advancing rotor blades. The
rotor noise of ;I largen single rotor helicopter (Sikorsiky S-6;5) was studied in Reference #23

I;


